The side chains of His 30 and Tyr 166 from adjacent subunits in the homotetramer human manganese superoxide dismutase (Mn-SOD) form a hydrogen bond across the dimer interface and participate in a hydrogenbonded network that extends to the active site. Compared with wild-type Mn-SOD, the site-specific mutants H30N, Y166F, and the corresponding double mutant showed 10-fold decreases in steady-state constants for catalysis measured by pulse radiolysis. The observation of no additional effect upon the second mutation is an example of cooperatively interacting residues. A similar effect was observed in the thermal stability of these enzymes; the double mutant did not reduce the major unfolding transition to an extent greater than either single mutant. The crystal structures of these site-specific mutants each have unique conformational changes, but each has lost the hydrogen bond across the dimer interface, which results in a decrease in catalysis. These same mutations caused an enhancement of the dissociation of the product-inhibited complex. That is, His 
The superoxide dismutases protect cells against oxidative damage by catalyzing the dismutation of two molecules of superoxide to oxygen and hydrogen peroxide, as described in Equations 1 and 2 (1, 2) . The Mn-containing superoxide dismutases (SODs) 1 are highly homologous in structure with the Fe-containing SODs but are unrelated to the Cu/Zn-and Nicontaining SODs (3, 4) . The Mn-and Fe-containing SODs also are similar in steadystate constants with k cat near 10 4 s Ϫ1 and k cat /K m near diffusion control, but Mn-SOD differs in showing a strong product inhibition, which is represented in Equation 2 by Mn-X-SOD (5) . Evidence suggests that this inhibited complex results from the oxidative addition of superoxide to Mn(II)-SOD to form either an inner sphere side-on or end-on peroxo complex of the metal (2, 5) . The formation of this inhibited complex is reversible and is different from the Fenton chemistry that irreversibly inactivates Fe-SOD (6) . When inhibited in this manner, catalysis of O 2 . decay by Mn-SOD exhibits zero-order kinetics (5) . Human Mn-SOD is a homotetramer of 22-kDa subunits; an association of two dimers forms the homotetramer, which has a 2-fold axis of symmetry. This association forms at least two different interfaces: the dimeric interface, which joins two individual subunits and the tetrameric interface, which joins the dimers to form a tetramer (7) . Borgstahl et al. (8) have investigated the effects on the structure and thermal stability of a mutation that replaced Ile 58 with Thr at the tetrameric interface. This mutant was found to be less stable by 15°C in the main unfolding transition of the enzyme. The dimers of human Mn-SOD are similar in structure to the dimeric bacterial Feand Mn-SODs; at the dimer interface, the side chains of Tyr 166 from subunit B (Tyr 166(B) ) and His 30 of the adjacent A subunit (His 30(A) ) are connected by a hydrogen bond (7) . His 30 is also part of an extended hydrogen-bonded chain involving residues Tyr 34 , Gln 143 , and water that extend to the manganese-bound solvent molecule.
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The compared with single mutants at analogous residues in Escherichia coli Mn-SOD reported by Edwards et al. (9) . This work demonstrates the interaction and significance of the specific hydrogen-bonded network of side chains and water that extend from Tyr 166 through the dimeric interface to the active site of an adjacent subunit.
MATERIALS AND METHODS
Enzymes and Purification-The mutant enzymes H30N, Y166F, and H30N/Y166F human Mn-SOD were prepared using oligonucleotide primers, the sequences of which contained the mutations of interest, as described for H30N Mn-SOD (10) . PCR reactions were used to amplify the Mn-SOD coding sequence. Mutations were verified by DNA sequencing of the entire coding region. The PCR products were cloned into the expression vector pTrc99A (Amersham Biosciences) and transformed into the E. coli (strain QC774) SodA Ϫ /SodB Ϫ null mutant. Mutants of human Mn-SOD were purified from E. coli using heat treatment and ion exchange chromatography (DE52 (anion exchanger) and CM52 (cation exchanger), Whatman Corp.) according to the procedures of Beck et al. (11) with some modifications. The modification included the use of an additional cation exchanger, SP-Sepharose (Pfizer-Pharmacia), whenever necessary. Heat treatment was also reduced to 30 min and 55°C for the less stable mutants. The purity of the protein was checked at various stages of purification using SDS-PAGE. The purified protein showed a unique intense band at 22 kDa. Each mutant was dialyzed extensively with EDTA and passed through a desalting column (PD 10, Pfizer-Pharmacia) before analysis for manganese content using atomic absorption spectrophotometry. The concentration of the active enzyme was taken as the manganese concentration (⑀ 480 for Mn(III)-SOD is 600 Ϯ 20 M Ϫ1 cm Ϫ1 ) (12) . The fraction of active sites occupied by manganese varied from 0.68 for H30N to 0.76 for wild type. Protein concentrations were determined by the Lowry method.
Determination of the oligomeric form of Y166F and H30N/Y166F Mn-SOD was done through gel-filtration chromatography on a Sephacryl S-300 column (Amersham Biosciences) using wild-type human Mn-SOD for reference.
Crystallization and X-ray Diffraction of Y166F and H30N/Y166F Human Mn-SOD-The mutants Y166F and H30N/Y166F human Mn-SOD were both crystallized from solutions consisting of 6 mg/ml protein buffered in 25 mM potassium phosphate at pH 7.6 and 25% Polyethylene Glycol 3350. The rod-shaped crystals belong to an orthorhombic crystal form with unit cell dimensions of a ϭ 73.7 Å, b ϭ 77.7 Å, and c ϭ 135.8 Å for Y166F and a ϭ 71.6 Å, b ϭ 76.5 Å, and c ϭ 66.6 Å for H30N/Y166F. Flash-cooled crystals were mounted under the liquid N 2 stream, and data were collected at Beamline 5.0.2 of the Advanced Light Source at the Lawrence Berkeley National Laboratory using a charge-coupled device detector. The data were processed using DENZO software (13) . The structures were solved with Molrep (14) from CCP4 Suite (15) using one dimer of human Mn-SOD as a search probe. The dimeric mutant (H30N/Y166F) Mn-SOD model in the asymmetric unit was then rigid body-refined followed by geometrically restrained positional and temperature factor refinement using crystallography NMR software (16) . The tetrameric (Y166F) model was refined with SHELXL (17) . Both models were refit to A -weighted 2F O Ϫ F C and F O Ϫ F C maps using XFIT software (18) . Diffraction and refinement statistics appear in Table I . Coordinates were deposited in the Protein Data Bank with the following accession codes: 1PL4 for Y166F human Mn-SOD and 1PM9 for H30N/Y166F human Mn-SOD.
Pulse Radiolysis-Pulse radiolysis experiments were performed using the 2 MeV van de Graaff accelerator at the Brookhaven National Laboratory. Superoxide generated during pulse radiolysis was quantitated using the KSCN dosimeter, assuming that (SCN) 2 Ϫ has a G value of 6.13 and molar absorptivity of 7950 M Ϫ1 cm Ϫ1 at 472 nm. A Cary 210 spectrophotometer was used to record UV-visible spectra at a constant temperature of 25°C. The pathlength was either 2.0 or 6.1 cm. Solutions contained enzyme, 30 mM sodium formate (as a hydroxyl radical scavenger) (19) , 50 M EDTA, and 2 mM TAPS. Superoxide radicals were generated in situ by introducing nanosecond pulses to aqueous air-saturated solutions containing sodium formate according to the mechanisms described by Schwarz (19) . Under these conditions, the formation of O 2 . /HO 2 radicals is 95% complete by the first microsecond after the pulse. The decay of superoxide was monitored spectrophotometrically at 260 nm (⑀ 260 ϭ 1800 M Ϫ1 s Ϫ1 ) (20) . Differential Scanning Calorimetry-A CSC Nano or Microcal VP high sensitivity differential scanning calorimeter was used to obtain all denaturation profiles. Human Mn-SOD and mutants at 1.0 mg/ml in 20 mM potassium phosphate buffer (pH 7.8) were degassed under mild vacuum for 5 min and immediately scanned at a temperature increase rate of 1°C/min. The base line and change in specific heat (⌬C p ) upon denaturation were corrected as described previously (21) . Essentially, the base line immediately preceding the transition and following it were assumed to be linear, and the base line under the transition was taken as an average of the two base lines weighted for the fraction of the transition completed. The peaks of the differential scanning calorimetry profile were deconvoluted assuming a reversible, non-two-state model using the software package ORIGIN (Microcal, Inc.). ⌬H, ⌬S, and T m for each transition were obtained from the best fits. The T m values are the temperatures at which C p reached a maximum.
Redox Potential Measurements-The midpoint potential, E m , of human Y166F and H30N/Y166F Mn-SOD was determined by single point experiments. The enzyme and mediator were allowed to equilibrate from opposite redox states at pH 8.0 as described by Leveque et al. (12) . Solutions of enzyme were exchanged into 20 mM TAPS and 100 mM KCl through three cycles of concentration and dilution using centricon-10 filters. Once the buffer exchange was completed, the solution was diluted to 3 ml, resulting in 0.3-0.4 mM active sites. The solutions were sealed in an anaerobic cell with a combination electrode and were made anaerobic through several cycles of vacuum and N 2 gas. Mn-SOD was partially reduced by 0.3 mM H 2 O 2 and 0.27 mM K 3 Fe(CN) 6 . The absorbance spectra and redox potential of the system were measured every hour for up to 24 h. Absorbance at 421 nm (ferricyanide) and 485 nm (mutant Mn(III)-SOD) were plotted against the redox potential, and the midpoint potential E m was determined through least square fits (Enzfitter, Biosoft) of the Nernst equation. Midpoint potentials are reported versus the normal hydrogen electrode.
Stopped-flow Spectrophotometry-The zero-order rate constant k 0 / [E] was measured for the mutant Mn-SODs in this work by the stoppedflow methodology of McClune and Fee (22) . Potassium superoxide (Aldrich) was dissolved in dry Me 2 SO with solubility increased by addition of an approximately equimolar amount of 18-crown-6 ether. A dual mixing stopped-flow spectrophotometer (SX18.MV, Applied Photophysics) was used to follow the decrease in the absorption of superoxide at 250 nm. To minimize instrumental dead time, two dilutions were used in sequence. Initially, superoxide in Me 2 SO in a 250-l syringe was mixed with an aqueous solution at pH 11 containing 2 mM CAPS and 1 mM EDTA from a 2.5-ml syringe. After a 500-ms aging time, this solution was rapidly mixed in a 1:1 ratio with a solution containing 1 M enzyme, 200 mM TAPS, and 1 mM EDTA at pH 8.2. The final Me 2 SO concentration was 4.5% by volume. Instrumental dead time was, on average, 4 ms.
RESULTS
Catalysis-The decay of superoxide catalyzed by human Mn-SOD and the mutants in Table II was measured from the rate of decrease of absorbance of superoxide at 260 nm generated by pulse radiolysis. Initial velocities of the first 5-10% of reaction were determined at times up to 2 ms of reaction, before inhibition was observed, and could be fit to the sum of MichaelisMenten kinetics for the catalyzed and second-order kinetics for the uncatalyzed reactions. No evidence of cooperative or nonMichaelian kinetics was observed. The steady-state constants for the catalyzed decay of superoxide were rather similar for the three mutants of Mn-SOD; all were smaller by roughly 10-fold compared with wild-type human Mn-SOD (Table II) . At later times in the catalysis, a prominent zero-order component was observed for all of the enzymes in Table II . The zero-order rate constant k 0 /[E] determined by stopped-flow varied among the enzymes, with H30N Mn-SOD being the least inhibited and the mutant containing Y166F the most inhibited (Table II) . Pulse radiolysis was also used to determine rate constants in a simplified mechanism (Equations 3-6), which has been useful in describing catalysis by Mn-SOD and mutants (23, 24) . The individual steps of the catalysis (Equations 3 and 4) are considered irreversible, justified partly by the favorable equilibrium constants for the catalyzed dismutation. The formation and dissociation of the product-inhibited complex is represented in Equations 5 and 6.
Hearn et al. (24) describe the use of pulse radiolysis to estimate the rate constants k 1 -k 4 under single turnover conditions. The rate constant k 1 is estimated from the observation of the decrease of the absorbance of Mn(III)-SOD at 480 nm that occurs after introduction of superoxide. Rate constant k 3 is measured from the rate of emergence of the peak at 420 nm characteristic of the inhibited complex (5), and k 4 is measured from the rate of decrease of the 420 nm absorption and from the rate of increase at 480 nm associated with the dissociation of the product-inhibited complex. Rate constant k 2 is, in this study, poorly determined because of the similar magnitude of k 3 and the extent of product inhibition. Typical data for these experiments are shown in Fig. 1 Table III and are difficult to differentiate. The values of k 3 given in Table III are rough estimates and may represent substantial contributions from k 2 . It is significant that k 2 and k 3 are of a similar magnitude for each of the mutants in Table III ; however, the small value of k 4 for the dissociation of the inhibited complex means that this complex accumulates during catalysis. Values of k 1 and k 4 presented in Table III are more accurate. The rate constants k 1 are similar to the steady-state constants in that the values for the mutants are smaller by about 10-fold than for the wild type (Table III) . The 10-fold decreases in k cat and k cat /K m for the mutants in Table II suggest that they may be affected by the same ratelimiting step. The 10-fold decrease in k 1 in Table III suggests that the reaction of Equation 3 may be that step. In wild-type Mn-SOD, the magnitudes of k 1 and k 2 are similar; hence, energy barriers for transition states in the catalysis are similar, and no single step is rate-determining.
Structure of Y166F Mn-SOD-Unlike the structure of human wild-type Mn-SOD, which crystallizes in space group P2 1 2 1 2 and has two Mn-SOD subunits in the asymmetric unit (7), the mutant Y166F crystallized in space group P2 1 2 1 2 1 and had four Mn-SOD subunits in the asymmetric unit. The subunit fold and tetrameric assembly of the Y166F mutant are very similar to the wild type; there was a root mean square deviation of 0.33 Å for 196 C␣ atoms when one subunit of Y166F and the wild-type Mn-SOD were superimposed. There was no significant change in the conformations of the inner sphere ligands of the manganese, including distances to the metal for Y166F compared with wild-type Mn-SOD.
The crystal structure of the mutant Y166F Mn-SOD showed no significant change in the orientation of the Phe 166 side chain compared with the Tyr 166 of wild type (Fig. 2) ; however, there were significant changes in hydrogen bonding and side-chain conformation at the dimeric interface. In wild-type Mn-SOD, the phenolic OH of Tyr 166(B) forms a hydrogen bond with the N⑀-2 of His 30(A) from the adjacent subunit of the dimer. This interaction was lost in the Y166F mutant and resulted in the shift of His 30(A) toward Tyr 34(A) (Fig. 2) (Fig. 2) . Therefore, the hydrogen-bonded network in wild type, (B) . Note that a water molecule (Fig. 2, wat2 ) present in the hydrogen-bonded network of wild-type Mn-SOD is absent in Y166F.
Structure of H30N/Y166F Mn-SOD-Gel permeation chromatography showed that H30N/Y166F Mn-SOD was tetrameric like the wild-type enzyme (data not shown). However, this mutant, similar to the wild-type Mn-SOD, crystallized in space group P2 1 2 1 2 and had two subunits in the asymmetric unit. The subunit fold and tetrameric assembly of the H30N/ Y166F mutant are very similar to the wild type with a root mean square deviation value of 0.35 Å for 196 C␣ atoms when one subunit of H30N/Y166F mutant and the wild type are superimposed. Again, there was no change in the coordination of the metal compared with wild-type Mn-SOD. This double mutant had similar changes in local hydrogen bond interactions to those in Y166F (Fig. 3) (Fig. 3) . The functionally important Mn-H 2 O-Gln (Fig. 3, wat2) was displaced in the mutant structure. The structure of H30N human Mn-SOD was reported earlier (10) .
Thermal Stability of Mutant Enzymes-Differential scanning calorimetry was used to determine transition temperatures T m for the main unfolding of Y166F and H30N/Y166F Mn-SOD, data that was compared with previous measurements of wild-type and H30N Mn-SOD (Table IV) . This unfolding transition is a measure of conformational stability and is different from the value of T m for thermal inactivation of catalytic activity, which is near 70°C for human wild-type Mn-SOD and represents a smaller conformational change (25) . Each of these mutations at residues 30 and 166 caused decreases in the main unfolding transition T m as shown in Table  IV . These changes are very different from the increases in T m of up to 6.7°C for conservative mutations at residues 34 and 143, which do not cause significant interfacial changes (21, 25) . Interestingly, the H30N/Y166F mutant had a higher value of T m than either of the corresponding single mutants.
Redox Properties of Mutant Enzymes-Unlike the replacement of His 30 by Asn, the replacements of Tyr 166 by Phe and the double mutant both have redox midpoint potentials E m significantly different from that of wild-type Mn-SOD (Table  II) . However, this difference of ϳ40 mV is small compared with the difference of close to 1 V in midpoint potentials of the O 2 . /H 2 O 2 and O 2 /O 2 . oxidation and reduction that represent the catalyzed reactions (26) . In fact, we observed that the steadystate constants for both single mutants and the double mutant were very similar (Table II) , indicating that the differences in the midpoint potentials in Table II did not cause significant differences in catalysis. 
DISCUSSION
We have replaced two highly conserved residues at the dimer interface of the homotetramer human Mn-SOD, His 30(A) and Tyr 166(B) located on adjacent subunits A and B, which in wild type are directly hydrogen-bonded across the interface. Moreover, both His 30 and Tyr 166 participate in a hydrogen-bonded network that extends to the manganese-bound solvent molecule at the active site (7) and is significant in maintaining catalysis (27) . In the mutant Y166F Mn-SOD, the hydrogen bond network is abolished at Phe 166 , although Asn 171(B) has rotated inward from a position in which it is solvent exposed to a new orientation forming a hydrogen bond with His 30(A) (Fig.  2) . Interestingly, the side chain of Asn 171 makes a similar rotation in the double mutant H30N/Y166F even though it appears to form no hydrogen bond (Fig. 3) . In the single mutant H30N human Mn-SOD, the hydrogen bond network is also interrupted (10) .
The structural changes observed in Y166F human Mn-SOD can be compared with those observed by Edwards et al. (9) 30(A) also rotates 98°around the C-␣-C-␤ bond, which is perhaps a cause of the 133°rotation of Asn 171(B) around its C-␣-C-␤ bond inward to the dimer interface; these rotations were not observed in the E. coli Y174F Mn-SOD structure. These observations emphasize the considerable structural differences between human and E. coli Mn-SOD; these enzymes have a 44% amino acid identity.
The calorimetry results (Table IV) showed that the effect of mutations at residues 30 and 166 in human Mn-SOD have lessened the thermal stability of the main unfolding transition. This is in contrast to conservative mutations at residues 34 (25), 143 (21) , and 161 (24), which do not involve interfacial interactions and have actually increased stability. Table IV shows that the double mutant H30N/Y166F Mn-SOD is more stable than either single mutant. In the classification of double mutant cycles by Mildvan et al. (28) , these interactions are described as antagonistic. This indicates that the destabilizing effects of the individual mutations are opposed or compensated in the double mutant. Although His 30 and Tyr 166 play a role in maintaining enzyme stability, there is no evidence that the dissociation of subunits contributes to the main thermal unfolding transition.
Catalysis by H30N, Y166F Mn-SOD, and the corresponding double mutant decreases k cat , k cat /K m , and the rate constant k 1 of Equation 4 by about an order of magnitude (Tables II and  III) . The effects on k 3 were similar (Table III) ; however, it was difficult to interpret these effects because we were not able to obtain separate values for k 2 and k 3 . These effects on catalysis are intriguing because the mutations that cause them occur at rather large distances from the active-site manganese; that is, the side chains of residues 30 and 166 lie about 6 Å (N␦-1 of His 30 ) and 9 Å (hydroxyl O of Tyr 166 ) from the metal. Measurements of redox potentials show rather minor changes in values of the midpoint potential E m caused by the single or double mutations (Table II) and are unlikely to account for the changes observed in catalysis. The values of k cat and k cat /K m and the rate constants k 1 show no additional effect in the double mutant compared with the single mutants. The observation of no additional effect upon the second mutation is described in a study of double mutants by Mildvan et al. (28) as an example of cooperatively interacting residues. That is, residues 30 and 166 in wild type interact cooperatively to facilitate rate-contributing steps in catalysis. (However, there is no evidence of cooperativity or non-Michaelian kinetics in the decay of superoxide catalyzed by the enzymes in Table II .) This cooperativity is consistent with the role of the side chains of His 30 and Tyr 166 in the hydrogen-bonded network; single mutants, H30N and Y166F, abolish the interaction that in the wild type contributes to the integrity of the hydrogen-bonded network necessary for maximal activity. The double mutant, having also lost this interaction, causes no further decrease in catalysis. This result emphasizes the significance of this interaction across the dimer interface. Although there are considerable structural changes that are unique to the double mutant compared with the single mutants, the loss of the hydrogen bond appears to predominate as an affect on catalysis. This same effect may be manifested in the thermal stability of these enzymes; the double mutant does not reduce ⌬⌬G of unfolding to an extent greater than either single mutant (Table IV) . Edwards et al. (9) obtained catalytic data for E. coli Mn-SOD by the xanthine oxidase/cytochrome c inhibition assay, which showed ϳ3-fold decreases in activity for both the H30N and Y174F single mutants.
In contrast to the changes in k cat , k cat /K m , and k 1 , the changes in the rate constants k 4 for the dissociation of the inhibited complex are smaller compared with wild type, at most 4-fold (Table III) . Here, both single mutations at residues 30 and 166 enhance k 4 , and the double mutation causes an increase in k 4 that is intermediate between the two individual single mutants (a partially additive interaction) (28) . We conclude that the structural changes demonstrated at the active site upon the replacement of residues 30 and 166 result in enhanced dissociation of the product-inhibited complex. However, the specific details of this effect remain unknown, in part because the structure and identity of the inhibited complex is not yet determined. It is interesting that these mutations at residues 30 and 166 that decrease catalysis of the dismutation of superoxide also cause enhancement of the dissociation of the product-inhibited complex. This is an indication that the active-site conformation containing His 30 and Tyr 166 functions, in part, not only to enhance the catalytic dismutation but also to prolong the lifetime of the inhibited complex. This would have a selective advantage in blocking a cellular overproduction of toxic H 2 O 2 . 
